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A B S T R A C T
A simple and eco-friendly method for solution processing of Cu2SnS3 p-type semiconductor absorbers using a
water-based precursor solution is presented. Cu2SnS3 layers were processed by chemical spray pyrolysis de-
position of the precursor solution onto Mo-coated glass substrates at 350 °C. The as-prepared layers were placed
inside a graphite susceptor with S and SnS powders and were annealed in a tube furnace at 550 °C. The impact of
the annealing step on structural, morphological and device characteristics of the prepared layers was studied.
The as-prepared layers were crack-free with fine grains and dominant tetragonal Cu2SnS3 structure. A denser
and compact Cu2SnS3 layer with larger grains was formed upon annealing accompanied by a structural phase
transition from the tetragonal polymorph to the monoclinic phase. The as-prepared Cu2SnS3 layers showed no
photovoltaic activity, whereas the annealed layers showed a device efficiency of 0.65%. A short air annealing of
the complete Cu2SnS3 device at 250 °C improved the overall device performance and increased the device ef-
ficiency to 1.94%. Mechanical removal of shunt paths led to Cu2SnS3 device with 2.28% efficiency.
1. Introduction
Thin film photovoltaics technology is currently dominated by the p-
type Cu(In,Ga)(S,Se)2 semiconductor, which when imbedded as an
absorber layer, produces up to 22.9% efficient solar cells [1,2]. How-
ever, the high costs of In and Ga suggest to pursue for alternative ma-
terials with cheaper elements, such as Zn and Sn.
The p-type Cu2ZnSn(S,Se)4 semiconductor thus became an optimum
alternative but up to now devices have not reached any efficiency
higher than 12.6% [3], due to the higher number of chemical elements
leading to the difficulty to grow single phase material, to the presence
of disorder on the cation sites and to the formation of detrimental
amounts of secondary phases and deep defects [4,5].
In order to reduce the number of chemical elements and the com-
plexity of the semiconductor, focus increased on Cu2SnS3 in the last
years, also a p-type semiconductor ternary with a bandgap between 0.9
and 1.4 eV, which is suited for solar energy conversion in single pn
junction and/or bottom cell in tandem devices [6,7]. Thin films of
Cu2SnS3 were produced from both vacuum based methods and less
expensive non-vacuum chemical methods, such as spray pyrolysis [8,9].
A device efficiency of 4.29% was obtained with an absorber prepared
from vacuum evaporated precursors which were further annealed in a
sulfur atmosphere above 500 °C [10]. Na doping increased the
efficiency to 4.6% [11] which is the highest efficiency reported up to
now. However, devices produced from chemically synthesized pre-
cursors were reported to show lower performances below 3% when
electrodeposited [12] or down to below 1% from spray pyrolysis [13].
While electrodeposited precursors are generally annealed above 500 °C
in the presence of sulfur and SnS, processing temperatures and condi-
tions of spray pyrolysed precursors vary between simple heating at
350 °C during deposition [14] and additional heating steps at higher
temperatures in vacuum or only in the presence of sulfur [15]. One
could attribute the lower performances to the increased difficulty to
produce films of uniform composition and morphologies when using
chemical methods. Additionally, Cu2SnS3 is known as a polymorphic
material whose structural and optoelectronic properties vary upon
synthesis method, particularly prone to disorder when low annealing
temperatures are employed [16]. Tetragonal, cubic and monoclinic
polymorphs of Cu2SnS3 are reported. In this work we present the effect
of a high temperature annealing step on films deposited by spray pyr-
olysis. In the first part we analyse the crystallographic, vibrational and
morphological properties of the as-prepared thin films and then study
them after annealing. The second part shows the device results of these
same films imbedded into complete solar cells.
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2. Experimental details
Precursor Cu2SnS3 layers were deposited onto the molybdenum
coated soda lime glass (Mo-SLG) substrates using the chemical spray
pyrolysis method. The precursor solution was prepared with 5.7mM
copper nitrate (puriss. p.a., 99–104%, Sigma Aldrich), 3.7mM tin me-
thanesulfonate (50 wt% in H2O, Sigma Aldrich) and 40mM thiourea
(ACS reagent, ≥99.0%, Sigma Aldrich), which were dissolved sepa-
rately in distilled water and mixed together before spraying. An excess
of thiourea was used in order to compensate for the possible loss of
sulfur and to inhibit the formation of metal oxides during the spraying
process. A few drops of concentrated nitric acid (65%, Fisher Scientific)
were added to adjust the pH value around 2 to avoid the precipitation
of the final precursor solution.
The prepared solution was sprayed using nitrogen as a carrier gas
onto the Mo-SLG which had a nominal temperature of 350 °C. The
spraying time, the solution flow rate and the distance between the
nozzle and the substrate were optimized to produce dense and crack-
free Cu2SnS3 layers.
The Cu2SnS3 precursor layers were further annealed in a tube fur-
nace in chalcogen atmosphere. More precisely, the samples were placed
inside a quasi-closed graphite box filled with elemental sulfur and SnS
and annealed at 550 °C for 30min.
The surface and cross-section morphology of the Cu2SnS3 layers
were characterized by scanning electron microscopy (FEI Helios
Nanolab 600i SEM/FIB).
The structural properties of the Cu2SnS3 layers were analyzed by X-
ray diffraction (XRD) (Panalytical X'pert Pro diffractometer with a
CuKα radiation at 40 kV and 40mA) and Raman spectroscopy (Raman,
Jobin–Yvon LabRAM Aramis) by means of a green laser with an ex-
citation wavelength of 532 nm (laser power=3mW) and a spot size of
approximately 1 μm.
After the absorber fabrication, the solar cells were completed by a
wet-chemically processed CdS buffer layer, a sputtered i-ZnO layer and
a sputtered ZnO:Al front contact. An Al/Ni grid is evaporated on top of
the device to improve the current collection.
Current-voltage characteristics were measured under standard test
conditions using a four wire configuration. A Keithley 2400 source
measuring unit under simulated AM 1.5 solar irradiation with a solar
simulator (class AAA) at 100mW/cm2 was used. The active area of the
solar cells is approximately 0.35 cm2. Air annealing treatment of 150 s
of the complete Cu2SnS3 device was performed at 250 °C. As a last step
the cells were scribed to a reduced cell area of approximately 0.2 cm2.
3. Results and discussion
3.1. Structural investigations
X-ray diffractograms of the as-prepared Cu2SnS3 before and after
annealing to 550 °C are presented in Fig. 1. The as-prepared film was
deposited at 350 °C. Three major peaks at 28, 47, 56° are observed
consistent with all major polymorphic forms of Cu2SnS3. However, the
absence of minor peaks means the exact polymorph cannot be de-
termined. This is consistent with the low growth temperature which is
far from the melting point (837 °C) leading to low crystalline quality.
After annealing we observe a higher number of Bragg peaks than on the
as-prepared films. The majority of these extra peaks appear to relate
only to the monoclinic polymorph of Cu2SnS3. This is consistent with
some of the co-authors' previous study where it was reported that the
monoclinic polymorph is found above annealing temperatures of 520 °C
[17]. This polymorph was shown in this study by photoluminescence
measurements to be the least defective, and thus the most promising for
photovoltaic applications.
Raman spectroscopy is a complementary and necessary analysis
technique to XRD in the study of Cu2SnS3 films, enabling more insight
on the crystallographic structure, as Raman shows higher sensitivity to
the different polymorphs [18–20]. Fig. 2 shows the Raman spectra
measured on the Cu2SnS3 films as-prepared and after annealing to
550 °C. The as-prepared film shows peaks at approximately 290, 335
and 345 cm−1 assigned to tetragonal polymorph [21,22] with an ad-
ditional peak shoulder around 318 cm−1 which is likely a SnS related
phase [23]. The Raman spectra refine the results obtained by the XRD
by confirming a single monoclinic phase of Cu2SnS3 after annealing
showing the monoclinic Raman modes at 225, 291, 352 and 371 cm−1
Fig. 1. XRD of the as-prepared (black) and annealed (red) Cu2SnS3 films. The
abscissa is broken twice to focus attention onto the Cu2SnS3 and to remove the
ZnO related peaks from the top window layers of the device. The Bragg peaks
assigned with (✻) are found in all tetragonal I-43m, cubic F-43m and mono-
clinic Cc reference patterns (PDF 04–009-7947, 01–089-2877, 04–010-5719,
respectively). The peak assigned to (M/T) is only found in monoclinic and
tetragonal patterns while the (M) peaks are only found in the monoclinic pat-
tern. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
Fig. 2. Raman spectra of the as-prepared (black) and annealed (red) Cu2SnS3
films. Modes are assigned to the tetragonal and monoclinic polymorph of
Cu2SnS3. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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[19]. Thus, these results show the transition of a major tetragonal
polymorph at 350 °C to a monoclinic polymorph, by the annealing step
at 550 °C.
Raman measurement was also performed on the Mo back contact
side of the annealed sample after peeling off the absorber layer and
probing the remaining surface and is presented in Fig. 3. Two strong
Raman modes are observed at 381 and 406 cm−1, which correspond to
reported Raman modes of MoS2 [24], suggesting the Mo substrate also
reacts with Sulfur during the annealing process similar to kesterite [25].
MoS2 was previously suggested as a fair back contact to avoid decom-
position of the Cu2SnS3 ternary into binaries [26].
3.2. Morphological investigations
Representative surface and cross section SEM images of the as-
prepared and annealed Cu2SnS3 layers are shown in Fig. 4. The top
surface (Fig. 4(a)) and cross section (Fig. 4(b)) morphology of the as-
prepared Cu2SnS3 layers showed the films to have crack-free smooth
surfaces, to consist of fine grains around 50 nm in size which make up
layers of approximately 1 μm thickness, and to have small voids scat-
tered randomly throughout the film. After annealing in sulfur and SnS,
the Cu2SnS3 surface consists of angular compact grains (Fig. 4(c))
ranging from approximately 200 nm to the micrometer range, whereas
a larger grain structure has previously been reported to be beneficial for
the absorber transport properties in annealed Cu2SnS3 devices [27].
3.3. Photovoltaic device
The current density-voltage (J–V) characteristics of the prepared
Cu2SnS3 devices are shown in Fig. 5. The resulting device obtained from
the as-prepared Cu2SnS3 showed no photovoltaic activity (not shown
here), which might be attributed to the small grain structure of the as-
prepared layer and the coexistence of different Cu2SnS3 polymorphs.
The Cu2SnS3 device obtained from the annealed layer yielded a power
conversion efficiency (PCE) of 0.65% with an open circuit voltage
(VOC), a short circuit current density (JSC) and a fill factor (FF) of
109mV, 17.7mA/cm2 and 34%, respectively as tabulated in the inset in
Fig. 5. All current voltage (J-V) parameters are rather low here. The
morphological inhomogeneity, defects and the presence of MoS2 may
account for the low device performance. Also, the much reduced JV
values here could be partly due to the absorber layer only being 1 μm
thick. A short annealing at 250 °C carried out in air for 150 s of the
aforementioned device led to an overall improvement in current vol-
tage parameters of the Cu2SnS3 device. The air annealed device showed
an efficiency of 1.94%. Previously air annealing on completed Cu2SnS3
devices in air has been shown to improve both the diffusion length and
depletion width inside of the absorber layer. Here air annealing showed
significant improvement in JSC, VOC and FF as given in Fig. 5 inset table,
which is consistent with better collection lengths and less recombina-
tion [28]. Possible shunt paths were mechanically removed leading to a
significant increase in FF to 53% yielding a Cu2SnS3 device with 2.28%
efficiency, which is the highest achieved device efficiency for a Cu2SnS3
absorber obtained from chemical spray pyrolysis.
4. Conclusion
A water-based chemical spray pyrolysis process was employed to
prepare Cu2SnS3 layers followed by an annealing step in chalcogen
atmosphere at high temperature. The influence of the annealing step on
the structural, morphological and photovoltaic properties of the
Cu2SnS3 layers was studied. The as-prepared Cu2SnS3 layers exhibited a
tetragonal structure of crack-free and fine grain structure. Re-crystal-
lization and structural phase transition into monoclinic Cu2SnS3 struc-
ture was observed due to the annealing process.
The overall device performance was found to be improved upon air
annealing where the device efficiency increased from 0.65% to 1.94%.
The best achieved efficiency by this process reached 2.28% on an area
of 0.2 cm2.
Fig. 3. Raman spectra of the annealed sample measured on the Mo back contact
side after peeling off the Cu2SnS3 layer.
Fig. 4. SEM images of Cu2SnS3 layers: (a and b) top view and cross section of as-prepared layer respectively, (c) top view of the annealed layer.
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Fig. 5. J–V characteristics of the prepared Cu2SnS3 devices: as-prepared (black), air annealed (red) and air annealed after removing shunt paths (blue). (For
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